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Physical inactivity and increased consumption of energy dense, high fat (HF) 
foods leads to a state of positive energy balance. Regular exercise can facilitate the 
maintenance of a healthy body weight and mediate changes in dietary selection. Past 
studies using a two-diet choice (chow vs. HF) and voluntary wheel running paradigm 
found that upon simultaneous introduction of a novel HF diet and wheel running, male 
rats show complete and persistent HF diet avoidance whereas the majority of females 
reverse HF diet avoidance. Ovariectomy (OVX) appears to decrease HF diet 
preference, bringing it closer to what is observed in male rats. Given that estrogen, but 
not progesterone, mediates changes in food intake and energy balance, we 
hypothesized that estrogen signaling is required for the reversal of HF diet avoidance in 
female rats. Accordingly, Experiment 1 compared the persistency of running-induced 
HF diet avoidance in males, sham-operated females, and OVX rats with replacement of 
oil vehicle, estrogen (E), progesterone (P), or both (E+P). Results showed that the 
number of rats and time point at which wheel running rats reversed HF diet avoidance 
varied. The reversal of HF diet avoidance in running females and OVX E+P rats 
occurred more rapidly and frequently than male running rats. E+P, but not E or P, 
replaced OVX wheel running rats significantly reversed HF diet avoidance. OVX oil rats 
avoided HF diet to the same extent as male rats for the first 11 days of diet choice and 
then rapidly increased HF diet intake and began preferring it. This incomplete 
elimination of sex differences suggests that developmental factors or androgens might 
play a role in sustaining running-induced HF diet avoidance. Subsequently, Experiment 
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2 aimed to determine the role of androgens in the persistency of running-associated HF 
diet avoidance with sham-operated and orchiectomized (GDX) male rats. The results 
showed that both intact and GDX male running rats persistently avoided the HF diet to 
the same extent. Taken together, these results suggest that both organizational and 
activational effects of ovarian hormones play a role in female specific running-induced 
changes in diet choice patterns. Importantly, the activational effects of androgens are 
not required for the expression of HF diet avoidance in males.
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CHAPTER 1: INTRODUCTION 
Disordered eating behavior can result in two distinct phenotypes, obesity and 
anorexia, both of which involve a prolonged period of energy imbalance. Individuals with 
anorexia have low body weight, avoid high fat (HF) foods, and often engage in 
excessive physical activity (Foerde, Steinglass, Shohamy, & Walsh, 2015; King, Burley, 
& Blundell, 1994; Mayer, Schebendach, Bodell, Shingleton, & Walsh, 2012; Steinglass, 
Foerde, Kostro, Shohamy, & Walsh, 2015). Conversely, a majority of obese individuals 
have increased preference and intake of energy dense, HF foods without sufficient 
physical activity or exercise (Drewnowski & Greenwood, 1983; Hill, Wyatt, & Peters, 
2012). Furthermore, there is a disparity in the prevalence of eating disorders between 
the sexes. Compared to men, women are at a higher risk for developing eating 
disorders including anorexia nervosa, bulimia, and binge eating (Flegal, Carroll, Ogden, 
& Curtin, 2010; Hudson, Hiripi, Pope, & Kessler, 2007). Similarly, rodent studies have 
found that female Sprague-Dawley rats are more prone to binge eating when given 
intermittent access to highly palatable food compared to males (Hildebrandt, Klump, 
Racine, & Sisk, 2014; Klump, Racine, Hildebrandt, & Sisk, 2013). Given these sex 
differences and the rapidly increasing prevalence of obesity [BMI ≥ 30 kg/m2, (McCall & 
Raj, 2009)], it becomes important to characterize the neuroendocrine components 
underlying these sex differences.  
Past human studies found an inverse correlation between physical 
activity/energy expenditure and body fat in males but not in females (Bjorntorp, 1989; 
Paul, Novotny, & Rumpler, 2004; Westerterp & Goran, 1997). This finding is not 
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surprising because there are sex differences in the percentage of people who do not 
reduce body weight or body fat after regular, supervised exercise (e.g. non-responders). 
In females, roughly half of the study population show increased weight gain in response 
to exercise (Anderson, Konz, Frederich, & Wood, 2001; Donnelly & Smith, 2005). 
Paralleling the human literature, male, but not female, rats show suppressed weight 
gain and decreased adiposity after exercise (Carrera, Cerrato, Vazquez, Sineiro, & 
Gutierrez, 2011; Cortright, Chandler, Lemon, & DiCarlo, 1997; Pitts, 1984; Rolls & 
Rowe, 1979; Schroeder, Shbiro, Gelber, & Weller, 2010). That is, both human and 
rodent literature found a consistent effect of exercise on reducing body weight and 
adiposity in males but not females. Thus, the efficacy of healthy body weight control 
through exercise appears to be sex specific and optimal obesity prevention and 
treatment approaches may differ for males and females. 
The effects of exercise on food intake were investigated in humans and were 
highly variable. The effects of exercise range from increasing energy expenditure with a 
compensatory increase in food intake to having no effect on daily energy intake 
(Blundell & King, 1999; Donnelly et al., 2014; Ebrahimi, Rahmani-Nia, Damirchi, 
Mirzaie, & Asghar Pur, 2013; King, Hopkins, Caudwell, Stubbs, & Blundell, 2009; 
Laskowski, 2012; Melzer, Kayser, Saris, & Pichard, 2005; Scheurink, Ammar, Benthem, 
van Dijk, & Sodersten, 1999; Schubert, Desbrow, Sabapathy, & Leveritt, 2013). The 
factors influencing this variability are not well characterized. Moreover, studies have not 
reported sex differences in the effect of exercise on appetite and food intake in humans 
(Ebrahimi et al., 2013; Hagobian et al., 2009; Pomerleau, Imbeault, Parker, & Doucet, 
2004; Thackray, Deighton, King, & Stensel, 2016). On the other hand, rodent models of 
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voluntary exercise did reveal sex differences in exercise-mediated changes in food 
intake. Upon running wheel access, male rats consistently exhibit anorexia after a bout 
of exercise is initiated (Carrera et al., 2011; Kawaguchi, Scott, Moran, & Bi, 2005; Looy 
& Eikelboom, 1989; Tokuyama, Saito, & Okuda, 1982). Female rats, however, have 
been found to decrease (Eckel & Moore, 2004; Tokuyama et al., 1982) and increase 
(Carrera et al., 2011) food intake upon exercise. Again, the literature suggests that the 
effects of exercise are more variable and inconsistent in females compared to males. 
Given that both the human and rodent literature report that exercise can affect 
food intake and body weight, more recent research has focused on whether or not 
exercise can induce changes in diet choice, specifically preference for palatable, HF 
foods. Studies using self-report data found that individuals who successfully maintained 
weight-loss ≥ 13.6 kg for at least 1 year exercise regularly and consume low-energy, 
low-fat diets (Klem, Wing, McGuire, Seagle, & Hill, 1997; Shick et al., 1998). Studies 
using data from the National Weight Control Registry found that exercise alters dietary 
selection of macronutrients (Catenacci et al., 2014; Klem et al., 1997; Shick et al., 1998; 
Wing & Hill, 2001). Nevertheless, whether exercise alone is sufficient to drive changes 
in diet choice remains unclear. Thus, our laboratory utilized a rodent model of voluntary 
exercise to address this issue. In our model, rats are given access to two diets (chow 
vs. HF) and running wheels. Results show that upon wheel running access, male rats 
decrease intake and preference for a previously preferred HF diet (Liang, Bello, & 
Moran, 2015; E. T. Scarpace et al., 2012; P. J. Scarpace, Matheny, & Zhang, 2010; 
Shapiro et al., 2011). When wheel running and HF diet are introduced simultaneously, 
male rats show complete and persistent HF diet avoidance (Moody, Liang, Choi, Moran, 
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& Liang, 2015). Distinctively, a majority of female rats initially avoid the HF diet but after 
a few days, they reverse their HF diet avoidance. Ovariectomy (OVX) appears to 
increase the persistence of HF diet avoidance to a similar degree to that observed in 
male rats (Moody et al., 2015). 
To our knowledge, no study has examined the influence of sex hormones on 
running-induced changes in diet choice. Previous studies have repeatedly shown that 
sex hormones play a major role in the control of food intake (Asarian & Geary, 2013; 
Begg & Woods, 2013). After OVX, rats increase food intake and body weight for 
approximately 1 month and then maintain food intake and body weight at 20-25% above 
sham-operated controls (Wade & Gray, 1979). Estradiol, given centrally or peripherally, 
results in decreased food intake, adiposity, and body weight (Asarian & Geary, 2002; 
Eckel, 2011; Santollo, Katzenellenbogen, Katzenellenbogen, & Eckel, 2010; Wade & 
Gray, 1979). Conversely, progesterone treatment alone has no effect on food intake, 
adiposity, or body weight (Asarian & Geary, 2006; Gray & Wade, 1981; Wade & Gray, 
1979; Yu, Geary, & Corwin, 2011). When both estrogen and progesterone are replaced, 
OVX rats transiently increase body weight and food intake (Varma et al., 1999; Wade & 
Gray, 1979). Castrated males treated with low dose testosterone increase food intake 
and body weight (Chai et al., 1999; Gentry & Wade, 1976a; Nunez, Siegel, & Wade, 
1980). In contrast, high dose testosterone replacement results in decreased food intake, 
adiposity, and body weight (Gray, Nunez, Siegel, & Wade, 1979) most likely through the 
aromatization of testosterone to estrogenic metabolites (Nunez et al., 1980; Siegel, 
Nunez, & Wade, 1981). Given the well-established effects of estrogen on food intake 
(Eckel, 2011) and the finding that diet choice patterns did not differ among wheel 
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running male and OVX rats (Moody et al., 2015), Experiment 1 aimed to elucidate 
necessity of ovarian hormones on the expression of HF diet reversal in ovariectomized 
female rats. Based on past findings that estrogen alone can reduce food intake and 
body weight (Asarian & Geary, 2002; Butera, 2010; Geary & Asarian, 1999; Wade & 
Gray, 1979), we hypothesized that estrogen signaling in OVX rats is required for the 
expression of female specific diet choice patterns. The result that OVX only partially 
eliminated sex differences prompted us to question whether androgens play a role in 
mediating the persistency of HF diet avoidance in males. Thus, in Experiment 2, male 
rats were sham-operated or orchiectomized (GDX) to determine whether the lack of 











CHAPTER 2: METHODS 
2.1 EXPERIMENT 1 
Subjects 
20 male (250-275g) and 100 female (150-175g) Sprague-Dawley rats (SD, 
Envigo, Indianapolis, IN) at the age of ~7-8 weeks upon arrival were the subjects of this 
experiment. The rats were individually housed in polyethylene tubs on a 12 h light/dark 
cycle (lights on at 0200 h) with ad lib access to a standard chow diet (3.1 kcal/g, 58% 
carbohydrate, 24% protein, and 18% fat; Teklad global 2018, Teklad Diets, Madison, 
WI) and tap water during habituation. All experimental procedures were approved by the 
Institutional Animal Care and Use Committee at the University of Illinois, Urbana-
Champaign and are in accordance with the Guide for the Care and Use of Experimental 







Figure 1. Timeline of Experiment 1. OVX: ovariectomy, Sed: sedentary, WR: 





Bilateral ovariectomy and sham surgery 
After habituation, female rats underwent either sham or bilateral ovariectomy 
(OVX) surgery (Idris, 2012). No surgery was performed on the male rats. Anesthesia 
was induced and maintained using 4% and 2% Isoflurane (Midwest Veterinary Supply, 
INC, Lakeville, MN), respectively. The Isoflurane was delivered in conjunction with 
oxygen through a nose cone. Rats were shaved dorsolaterally and the surgical area 
was disinfected using sequential iodine and ethanol wipes. Prior to making an incision, 
rats received a 5 mg/kg subcutaneous (s.c.) injection of Carprofen as an analgesic. A 
skin incision was made down the dorsal midline of the rat. After dissecting through the 
underlying fascia, a cut was made in the muscle lateral to the midline to expose the 
abdominal cavity. The ovary was pulled out through its surrounding adipose tissue and 
the uterine horn was ligated below the ovary. Then, the ovary was cut and the 
remaining tissue returned to the abdominal cavity. The muscle incision was sutured and 
the procedure was repeated on the contralateral side. Finally, the skin incision was 
sutured and antibiotic ointment was applied. Identical incisions were made for sham 
surgeries but the ovaries were left intact. Following surgery, rats were returned to their 
home cage and sutures were removed approximately 6 days post-surgery. 
 
Vaginal cytology 
Successful OVX surgery and hormone replacement was verified through daily 
vaginal cytology beginning 5 days after surgery during the middle of the light cycle 
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(0800 h). To track the estrous cycle of the female rats, vaginal lavage was performed 
daily. Briefly, a transfer pipette filled with ~0.2 mL of distilled water was placed at the 
base of the vaginal opening. The bulb was depressed to expel the water, which was 
then quickly aspirated 3 to 4 times to collect vaginal cells. The collected fluid was 
transferred onto a glass microscope slide, stained with toluidine blue, and examined 
using a light microscope. Proestrus was defined by uniformly round, nucleated epithelial 
cells; estrus was defined by cornified squamous epithelial cells; diestrus 1 was defined 
by presence of both leukocytes and cornified squamous epithelial cells; and diestrus 2 
was defined by presence of leukocytes, cornified squamous epithelial cells, and some 
nucleated epithelial cells (McLean, Valenzuela, Fai, & Bennett, 2012). Intact and 
hormone replaced female rats with estrogen showed normal four to five day estrous 
cycles whereas OVX rats arrested at diestrus. 
 
Wheel Running and Two-Diet Choice 
Body weight, food, and water intake in addition to running activity and estrous 
stage was recorded daily at 0800 h. During habituation, rats had ad libitum access to 
tap water and standard chow diet. After habituation, sham and OVX surgeries were 
performed on the female rats (Figure 1). Hormone replacement began 8 days after 
surgery in 4-day cycles. β-Estradiol 3-benzoate (Cat. #E8518-5G, Sigma, MO, USA) 
and progesterone (Cat. #P0130-25G, Sigma, MO, USA) were dissolved in sesame oil 
(Cat. #S3547-1L, Sigma, MO, USA) to achieve a concentration of 2μg/0.1mL and 
0.5mg/0.1mL, respectively. OVX rats were injected subcutaneously during the middle of 
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the light cycle once every 4 days with oil, estrogen, or progesterone or an injection of 
estrogen and progesterone on the 1st and 3rd day, respectively. The dose and schedule 
of hormone replacement (Table 1) was chosen based on literature demonstrating that 
these doses not only normalized food intake and body weight of OVX rats to that of 
intact females but also closely mimics the estrogen (Asarian & Geary, 2002, 2013) and 











One day after the first injection, wheel running (WR) rats were transferred to 
wheel cages (13” diameter wheel, Mini Mitter, Starr Life Sciences, Oakmont, PA) with 
the wheel locked while sedentary (Sed) rats remained in their home cages. 3 days later, 
Table 1. Hormone replacement schedule 
Sex Group Hormone Day 1 Day 2 Day 3 Day 4 
M 
Sed   
 
      
WR   
 
      
F 
Sed   
 
      
WR   
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The hormone replacement schedule was designed to mimic the estrogen and 
progesterone peaks in an intact, cycling female rat. Hormone replacement began 
the day before the wheel running rats were moved to the running wheel cages 
with the wheel locked, approximately 9 days post-OVX surgery. All rats received 
an s.c. injection the day the two-diet choice and wheel running procedures began. 
M: male, F: female, OVX: ovariectomy; Sed: sedentary, WR: wheel running, E: 




a novel 45% HF diet (HF; 4.73 kcal/g, 35% carbohydrate, 20% protein, and 45% fat; 
D12451, Research Diets, New Brunswick, NJ ) was introduced to all rats, and in WR 
groups, the HF diet introduction occurred simultaneously with the unlocking of the 
wheels 2 h before dark onset (1200 h). All hormone replaced OVX rats received an 
injection the day the wheels were unlocked. The position of the food hoppers were 
alternated daily to prevent biasing the results in the event that the rats developed side 
preference. Daily voluntary wheel running activity was recorded and analyzed through 
the Vital View Software System (Starr Life Sciences, Oakmont, PA) on the computer. 
Wheel running and the two-diet choice procedure continued for 18 days after which rats 
were sacrificed. After sacrifice, the uterus was dissected and weighed to confirm 
successful OVX surgery and hormone replacement. 
2.2 EXPERIMENT 2 
Subjects 
28 male (250-275g) Sprague-Dawley rats (SD, Envigo, Indianapolis, IN) at the age of 
~7-8 weeks upon arrival were the subjects of this experiment. The rats were individually 
housed in polyethylene tubs on a 12 h light/dark cycle (lights on at 0200 h) with ad lib 












Bilateral orchiectomy and sham surgery 
After habituation, male rats underwent either sham or bilateral orchiectomy 
(GDX) surgery (Idris, 2012). Rats were anesthetized and the scrotal sac was shaved 
and disinfected. Following an injection of Carprofen, a small incision was made down 
the midline of the left scrotum to expose the parietal tunica. After locating the testicular 
fat pad and dissecting out the testis and epididymis using blunt forceps, the vas 
deferens was ligated and the testis and epididymis were removed. The parietal tunica 
and skin were then sutured separately and the surgical procedures were repeated on 
the right. Antibiotic ointment was then applied to the surgical sites. Identical incisions 
were made for sham surgeries but the testes were left intact. Following surgery, rats 
were returned to their home cage and sutures were removed approximately 6 days 
post-surgery. 
 
Figure 2. Timeline of Experiment 2. GDX: orchiectomy, Sed: sedentary, WR: 




Wheel Running and Two-Diet Choice 
Body weight, food and water intake, and running activity were recorded daily at 
0800 h. After habituation, sham and GDX surgeries were performed on the male rats 
(Figure 2). Following recovery from surgery, rats were divided into Sed and WR groups 
and placed on the two-diet choice and wheel running procedures that were the same as 
those in Experiment 1. Wheel running and the two-diet choice procedure continued for 
18 days after which rats were sacrificed. After sacrifice, post-mortem dissection was 
done to confirm successful GDX surgery. 
 
2.3 STATISTICAL ANALYSIS 
Statistical analysis was done using IBM SPSS 22 (IBM Corp., Armonk, NY). Raw 
data included daily body weight, wheel running activity, and diet intakes. During the two-
diet choice and wheel running period, diet intakes (kcal) were compared between Sed 
and WR rats. The HF diet preference ratio was calculated by dividing daily HF intake 
(kcal) by total energy intake (kcal) (
𝑑𝑎𝑖𝑙𝑦 𝐻𝐹 𝑑𝑖𝑒𝑡 𝑖𝑛𝑡𝑎𝑘𝑒 (𝑘𝑐𝑎𝑙)
𝑡𝑜𝑡𝑎𝑙 𝑑𝑎𝑖𝑙𝑦 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑡𝑎𝑘𝑒 (𝑘𝑐𝑎𝑙)
); a ratio greater than 0.5 
indicates preference for the HF diet. To parse out contributions of body weight on diet 
intake and thus HF diet preference ratios, analyses were repeated using HF diet 
preference ratios normalized to 100 g BW (









For Experiment 1, data was analyzed using repeated measures analysis of 
variance (ANOVA) with hormone, exercise, and diet as factors. Hormone was included 
13 
 
as a factor in order to elucidate whether there was any difference in diet patterns among 
intact male, female, and hormone replaced OVX rats. For Experiment 2, data was 
analyzed using repeated measures ANOVA with group and diet as factors. For both 
experiments, post-hoc LSD tests were performed when appropriate. Data are presented 





CHAPTER 3: RESULTS 
3.1 SURGERY VERIFICATION 
Successful OVX and GDX surgery was verified through post-mortem dissection 
and wheel running activity. Ovaries were absent in all OVX rats. There was no effect of 
exercise [F(1,90) = 0.40, p = 0.52] on uterine weight. Thus, within each group, uterine 
weights from Sed and WR rats were combined. Uterine weights of intact female and 
OVX rats were then compared using a one-way ANOVA. Hormone replacement had a 
significant effect on uterine weight among OVX rats [F(4,95) = 88.11, p < 0.0001]. 
Consistent with the literature (Rivera & Eckel, 2010), estrogen replacement resulted in 
significantly heavier uterine weights (OVX E or OVX E+P vs. OVX O or OVX P, all post-
hoc p < 0.0001). However, OVX E and OVX E+P rats still had significantly lower uterine 
weights compared to intact female rats (post-hoc p < 0.0001). Uterine weights did not 
differ between OVX E and OVX E+P or OVX O and OVX P rats (both post-hoc p > 
0.35). 
After gonadectomy, both male and female rats have been found to decrease 
wheel running activity, which can be rescued through testosterone or estrogen 
replacement (Asdell, Doornenbal, & Sperling, 1962; Lightfoot, 2008; Roy & Wade, 
1975). In line with this, repeated measures ANOVA (hormone x time) revealed a 
significant effect of hormone [F(5,54) = 30.58, p < 0.0001] on running activity. OVX O 
and OVX P WR rats expressed relatively stable and significantly lower levels of running 
activity compared to intact female and OVX E and OVX E+P rats (post-hoc tests, all p < 
0.0001) but not males (post-hoc M vs. OVX O or OVX P, all p > 0.13). Additionally, 
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hormone replacement with estrogen normalized running activity to the level of intact 
females [post-hoc F vs. OVX E or OVX E+P, both p > 0.15; (Ferreira, Foley, & Brown, 
2012)]. There was also a significant effect of hormone on wheel running activity and all 
rats increased running activity over time [effects of time, hormone, hormone x time: 
F(17,918) = 97.053, F(5,54) = 30.582, and F(85,918) = 9.959, all p < 0.0001]. In 
Experiment 2, GDX rats ran significantly less than intact males [hormone, F(1,14) = 
27.53, p < 0.0001]. Interestingly, running activity was similar between GDX and male 
rats at the beginning but from the 8th day forward, GDX rats ran significantly less than 
males. That is, GDX rats did not show the escalation of running activity that was seen in 
intact male rats. 
 
3.2 EXPERIMENT 1 
45% HF vs. Chow diet intake and preference 
Repeated measures ANOVA [hormone (6) x exercise (2) x diet (2) x time (18)] 
revealed that diet choice patterns were significantly different between Sed and WR rats 
[effects of diet, exercise x diet, and exercise x diet x time: F(1,108) = 23.30 and 303.99, 
respectively, and F(85,1836) = 48.54, all p < 0.0004]. Regardless of sex and hormone 
replacement, all Sed rats consumed significantly more HF than chow diet [Fig. 3A-F; 














There was a significant effect of hormone replacement on diet choice among WR 
rats [Fig. 4A-F; effects of hormone, exercise, and hormone x exercise: F(5,108) = 23.82, 
28.37, 16.68, respectively, all p < 0.0001]. Compared to female and OVX groups, male 
WR rats persistently avoided HF diet through the duration of the two-diet choice and 
wheel running period [effect of hormone x exercise x diet x time: F(85, 1836) = 2.15, p < 
0.0001]. During the first 11 days of diet choice, diet choice patterns of OVX O WR rats 
were similar to males in which they avoided HF diet. By the 13th day, however, OVX O 
WR rats began to reverse HF diet avoidance and had diet choice patterns more similar 
to females. Male WR rats consumed significantly less HF diet compared to female, OVX 
Figure 3. Diet choice patterns among Sed rats. All Sed rats consumed significantly 




O, and OVX E+P WR rats (post-hoc all p < 0.05). HF diet intake did not differ among F 














Results of main effects or post-hoc tests did not differ when normalized and non-
normalized HF diet preference ratios were analyzed and compared using a repeated 
measures ANOVA (hormone x exercise x diet x time). Thus, results are presented using 
non-normalized HF diet preference ratios. HF diet preference was affected by hormone 
and exercise [effects of exercise and hormone x exercise: F(1,108) = 354.77 and 
F(5,108) = 2.42, both p < 0.05; Table 2]. In the WR condition, male rats had significantly 
lower HF diet preference ratio than F and OVX E+P rats (post-hoc both p < 0.01) but 
only trended towards significance when compared to OVX O rats (post-hoc p = 0.054). 
Figure 4. Diet choice patterns among wheel running rats. Male rats maintained 
HF diet avoidance whereas females, OVX E+P, and OVX O rats reversed HF diet 




That is, while M WR rats persistently avoided HF diet, F and O and E+P hormone 
replaced OVX WR groups reversed HF diet avoidance by the end of the 18-day diet 
choice period. E and P replaced OVX WR rats expressed diet choice patterns in 
between that of male and female rats in that their HF diet preference did not differ 
significantly from that of males or females. On the last day of the experimental period, M 
and OVX P WR rats had similar HF preference ratios of 0.26 ±0.10 and 0.23 ±0.10, 
respectively. This was lower than the HF diet preference ratios in F (0.56 ±0.10), OVX E 








Additionally, there were variations in the number of WR rats consuming HF diet 
within a group and the timing of reversal from HF diet avoidance to preference in these 
HF eating rats. Given this individual variability, the data was further analyzed by 
separating HF eaters and avoiders within a group. We defined a HF eater as a rat who 
expressed a HF diet preference ratio > 0.5 at any point in time after the first day of diet 
Table 2. Post-hoc analysis of HF diet preference 





p < 0.01 
p < 0.0001 












p > 0.13 
 
Results of post-hoc comparisons of HF diet preference ratio among WR groups. 
HF diet preference differed significantly among WR males, who avoided HF diet, 
and female and OVX E+P rats who reversed HF diet avoidance. OVX E and P rats 
displayed diet choice patterns between that of males and females. Females, OVX 
E+P, and OVX O rats did not differ in their HF diet preference. 
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choice where rats sampled the HF diet. Data revealed that the HF avoiders completely 
avoided HF diet and HF eating rats varied in when they started to consume and prefer 
HF diet. More specifically, WR female and OVX E+P rats that consumed HF diet 
showed a gradual increase of HF diet preference. In comparison, OVX O rats initially 
avoided HF diet and then sharply reversed to HF diet preference on the 13th day of the 
diet choice period. Thus, while HF diet preference did not significantly differ between F, 
OVX E+P, or OVX O WR rats, the timing of the reversal of HF diet avoidance was 
different (Fig. 5 & 6). To obtain sufficient power to analyze the effect of individual 
differences in WR activity on HF diet preference, HF eaters and avoiders in each WR 
group were collapsed into high runners (F, OVX E, and OVX E+P) and low runners (M, 
OVX O, and OVX P) for a repeated measures ANOVA. The results revealed that HF 
eating and avoiding rats did not differ significantly in their WR activity [HF eater/avoider 
F(1,56) = 0.018, p > 0.89]. Thus, individual differences in the reversal of HF diet 

























Figure 5. Diet intake (left), HF diet preference ratio (middle) and wheel running 
activity (right) of HF eaters vs. avoiders in M, F, and OVX E+P WR groups.  F and 
OVX E+P HF eating rats have showed similar increases in HF diet preference. 























Figure 6. Diet intake (left), HF diet preference ratio (middle) and wheel running 
activity (right) of HF eaters vs. avoiders in E, P, or O replaced OVX WR groups. 
Both HF eating and avoiding OVX O WR rats initially avoid HF diet but the HF 
eaters then escalate HF diet intake and preference. Thus, while OVX O WR rats 
reverse HF diet avoidance, the timing in which the reversal occurs does not parallel 
the diet choice pattern seen in intact females. Wheel running activity did not differ 




Total energy intake 
Repeated measures ANOVA (hormone x exercise x time) revealed that exercise 
significantly reduced total daily energy intake [exercise effect F(1,108) = 28.37, p < 
0.0001]. Furthermore, hormone replacement also significantly affected daily energy 
intake [effects of hormone and hormone x exercise F(5,108) = 23.82 and 16.68, 
respectively, both p < 0.0001]. In the Sed condition, OVX significantly increased food 
intake in OVX O and OVX P rats to that of male rats (post-hoc p > 0.07). Furthermore, 
while M WR rats reduced energy intake to the level of females (post-hoc p > 0.86), OVX 
O and OVX P rats had significantly higher energy intakes than males (post-hoc p < 
0.05) but only OVX O rats had significantly higher energy intake than females (post-hoc 
p < 0.01). Energy intake in OVX E and E+P rats did not significantly differ from females 
(all post-hoc p > 0.23) in either WR or Sed conditions. Thus, estrogen replacement was 
sufficient to normalize OVX associated increases in food intake to that of intact females. 
 
Body weight 
Throughout the diet choice period, WR rats had significantly lower body weights 
than Sed controls [effects of exercise, exercise x time, hormone x exercise x time, 
F(1,108) = 57.180, F(18,1944) = 65.842, and F(90,1944) = 4.594, all p < 0.0001]. 
Hormone replacement with estrogen suppressed OVX-associated weight gain in both 
Sed and WR rats [effects of hormone and hormone x exercise, F(5,108) = 319.53 and 
30.03, respectively, both p < 0.02]. Body weight did not differ between F, OVX E, or 
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OVX E+P (post-hoc tests, all p > 0.08) or OVX O and OVX P (post-hoc p > 0.58) rats in 
either condition. Additionally, OVX O and OVX P WR rats had significantly higher body 
weights than F, OVX E, and OVX E+P WR rats [post-hoc OVX E or OVX E+P vs. OVX 
O or OVX P, all p < 0.0001]. In both Sed and WR conditions, male rats also had 
significantly higher body weights than all groups [post-hoc M vs. all groups, all p < 
0.0001]. 
 
3.3 EXPERIMENT 2 
45% HF vs. Chow diet intake and preference  
Repeated measures ANOVA [hormone (2) x exercise (2) x diet (2) x time (18)] 
revealed that diet choice patterns were significantly different between Sed and WR rats 
[Fig. 7; effects of exercise and diet x exercise: F(1,24) =  65.53 and 314.81, 
respectively, both p < 0.0001]. All Sed rats consumed significantly more HF than chow 
diet. However, within both Sed and WR conditions, diet choice did not differ among 
male and GDX rats [diet, hormone x diet, and hormone x exercise F(1,24) = 2.48, 1.81, 
and 2.47 all p > 0.12]. That is, both GDX and sham-operated WR males avoided HF diet 
and consumed similar amounts of chow (both post-hoc p > 0.47). Analysis of HF diet 
preference ratios with repeated measures ANOVA [hormone (2) x exercise (2) x time 
(18)] revealed the same relationship where exercise significantly reduced HF diet 
preference. However, there was no difference in HF diet preference between sham-
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operated and GDX rats [effect of exercise F(1,24) = 357.81, p < 0.0001; hormone and 











Total energy intake and body weight 
Consist with the literature (Kral & Tisell, 1976), sham-operated males had higher 
energy intake and body weights compared to GDX rats while sedentary [hormone effect 
F(1,24) = 10.74 and 7.76, respectively, both p < 0.02]. Exercise suppressed total energy 
intake and body weight [exercise effect, F(1,24) = 65.53 and 10.70, respectively, both p 
Figure 7. Diet choice patterns did not differ among male and GDX rats in Sed and 




< 0.01] in both sham-operated and GDX males. Nevertheless, total energy intake and 
body weight did not differ between sham-operated and GDX WR groups [hormone x 




CHAPTER 4: DISCUSSION 
The current study examined the influence of ovarian hormones (Experiment 1) 
and androgens (Experiment 2) on the persistency of running-induced HF diet 
avoidance. Experiment 1 showed that that the timing and frequency of HF diet 
avoidance reversal differed among wheel running rats. Whereas the majority of male 
rats persistently avoided the HF diet, most female and estrogen + progesterone 
replaced OVX rats reversed running-associated HF diet avoidance and they did so 
sooner than the few male rats that also reversed the avoidance. Non-hormone replaced 
OVX rats avoided HF diet to the same extent as male running rats during the first half of 
the diet choice period but then sharply increased HF diet intake and preference to the 
level of intact females. Additionally, estrogen or progesterone replacement alone in 
running OVX rats was not sufficient to significantly increase HF diet preference. Thus, 
the expression of female diet choice patterns involves both estrogen and progesterone. 
Furthermore, the reversal of HF diet avoidance in running rats was not driven by 
differences in wheel running activity. Finally, both sham-operated and GDX male 
running rats showed similar persistent HF diet avoidance. Taken together, the results 
that OVX only partially eliminates sex differences and that orchiectomy had no effect on 
the persistency of HF diet avoidance suggests that in addition to ovarian hormones, 
developmental factors contribute to the earlier and more frequent reversal of HF diet 
avoidance during wheel running in female rats. 
The result that orchiectomized males did not behave differently from sham-
operated males is consistent with the notion that testosterone is less influential than 
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estrogen (Mauvais-Jarvis, Clegg, & Hevener, 2013) in regards to the neural control of 
food intake (Nunez et al., 1980). Testosterone, however, is important during 
development in that its surge within postnatal day 10 masculinizes and defeminizes 
certain regions of the perinatal brain (Arnold & Gorski, 1984; Bakker & Baum, 2008; 
MacLusky & Naftolin, 1981; McCarthy, 1994). More specifically, in the absence of 
testosterone, the central nervous system is structurally organized in a female fashion 
and this process does not require ovarian hormones (Bakker et al., 2006; Baum, 1979; 
Jost, Vigier, Prepin, & Perchellet, 1973; Lenz, Nugent, & McCarthy, 2012; MacLusky & 
Naftolin, 1981; McCarthy, 2008; Phoenix, Goy, Gerall, & Young, 1959). Additionally, 
prenatal uterine location in which females are located caudally to males in the uterine 
horn has been shown to masculinize female rats in regards to sexual behavior 
(Houtsmuller & Slob, 1990; Meisel & Ward, 1981). Thus, the developmental 
organization of behavior during the sensitive period could explain why non-hormone 
replaced OVX rats (OVX O) reversed HF diet avoidance. Nevertheless, the activational 
consequences of gonadal hormone release (i.e., altered patterns of hormone secretion 
and changes in sensitivity to hormones) starting from puberty appear to exert a greater 
influence on food intake and metabolism (Bell & Zucker, 1971; Gustafsson & Stenberg, 
1976; Wade, 1972). The finding that hormone replacement with both ovarian hormones 
resulted in the most complete female pattern of behavior suggests that the activational 
consequences of ovarian hormones may potentially mediate changes in HF diet 
preference. 
Previous studies have shown that OVX associated body weight gain and food 
intake increase can be reversed with estrogen replacement alone (Asarian & Geary, 
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2002; Geary & Asarian, 1999; Yu et al., 2011). Furthermore, estrogen replacement 
alone in OVX rats results in the 4-5 day cyclical appearance of distinct vaginal cell types 
characteristic of the 4 stages of the rat estrous cycle and is sufficient to induce and 
estrus associated decreases in food intake and increases in physical activity (Asarian & 
Geary, 2013; Colvin & Sawyer, 1969; Eckel, 2011; Gentry & Wade, 1976b; Rivera & 
Eckel, 2010; Santollo, Torregrossa, & Eckel, 2011). While estrogen alone can induce 
lordosis in OVX rats (Sodersten & Eneroth, 1981), an optimal dose of estrogen followed 
by progesterone results in more complete displays of sexual behaviors in female rats 
(Moss & McCann, 1973; D. Pfaff, 1970; D. W. Pfaff, Sakuma, Kow, Lee, & Easton, 
2006). Similarly, results from the present study found that the most complete reversal of 
HF diet avoidance occurred when OVX rats were replaced with both estrogen and 
progesterone. Past studies have found that both estrogen and progesterone are 
required for the expression of female taste preference. After OVX, rats display 
significantly lower saccharin preference compared to intact females, and replacement 
with both estrogen and progesterone is required to restore responsiveness to sweet 
solutions (Zucker, 1969). Paralleling the effect of OVX on appetitive stimuli, both 
estrogen and progesterone are also required to increase taste reactivity and decrease 
consumption of quinine (Wade & Zucker, 1970). Thus, the interaction between estrogen 
and progesterone appears to be critical to normalize taste reactivity of OVX rats to the 
level of intact females. In line with this notion, differences in HF diet preference among 
running OVX rats could potentially be explained by differences in taste sensitivity to 
stimuli such as fat. Further studies are needed to determine whether ovarian hormones 
mediate fat sensitivity and preference. 
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Female and male rats respond differently to novelty where males have longer 
approach latencies and appear to prefer familiar to novel objects when given a choice 
(Russell, 1975). Furthermore, a study found sex differences in which both wild and 
laboratory male rats approached and ate the novel food more slowly than females 
(Modlinska, Stryjek, & Pisula, 2015). This sex difference in neophobia could explain why 
male rats show more persistent HF diet avoidance throughout the two-diet choice and 
wheel running period. More specifically, while the novelty of the HF diet likely wears off, 
the male rat’s greater neophobia from their first exposure may persist and potentially 
function to maintain HF diet avoidance in males. The extent to which neophobia and 
novelty contribute to diet choice in males and females may be different enough to 
support sex differences in the persistence of running-induced HF diet avoidance. 
Additionally, a recent study found that after 6 weeks of chronic, unpredictable stress, 
OVX rats increase latency to feed in a novelty suppressed feeding test and have similar 
profiles of anxiety-like behavior as males (Mahmoud, Wainwright, Chaiton, Lieblich, & 
Galea, 2016). This could explain why OVX rats behaved similarly to males and avoided 
HF diet during the first 11 days of the two-diet choice and wheel running period. The 
effect of novelty, however, might not be as persistent in OVX rats. Thus, they 
subsequently reversed HF diet avoidance and behaved more similarly to females for the 
rest of the experiment. Further studies are necessary to test whether differences in 
novelty response corresponds to food neophobia and whether or not food neophobia 
differs between male, female, and OVX rats while wheel running. 
The efficiency of energy metabolism during different states of energy requirement 
(exercise vs sedentary) differs between male and females (D'Eon & Braun, 2002; 
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Tarnopolsky, MacDougall, Atkinson, Tarnopolsky, & Sutton, 1990; Tate & Holtz, 1998). 
In humans, both submaximal and long-duration exercise results in a higher ratio of fat to 
carbohydrate oxidation and less glycogen depletion in women (Horton, Pagliassotti, 
Hobbs, & Hill, 1998; Ruby & Robergs, 1994). Upon wheel running, female rats will often 
compensate for the increased energy requirement by increasing energy intake and 
appear to cope with this change in energy demand better than males (Carrera et al., 
2011). This could be due to evolutionary processes that place more pressure on 
reproductive females to maintain body fat in times when food is scarce (Hoyenga & 
Hoyenga, 1982). Furthermore, estrogen facilitates increased lipid oxidation and reduced 
carbohydrate utilization (Ellis, Lanza-Jacoby, Gow, & Kendrick, 1994; Gorski, 
Stankiewicz, Brycka, & Kiczka, 1976). These effects of estrogen have been shown to be 
potentiated by progesterone (Matute & Kalkhoff, 1973). In contrast, testosterone favors 
carbohydrate utilization over lipid oxidation (Braun, Gerson, Hagobian, Grow, & Chipkin, 
2005). Thus, differences in the efficiency of fuel substrate utilization where the HF diet is 
a more efficient fuel source for females during a state of increased energy demand 
could explain running-associated sex differences in HF diet choice (Cortright & Koves, 
2000; Hill, Talano, Nickel, & DiGirolamo, 1986). 
The current study revealed that ovariectomy partially eliminated sex differences 
and orchiectomy had no effect on the persistency of exercise induced HF diet 
avoidance. Furthermore, both ovarian hormones were necessary for the expression of 
female specific diet choice patterns. Unlike males, the majority of female rats with 
running wheel access failed to maintain HF diet avoidance. The result that female rats 
fail to maintain HF diet avoidance while running could contribute to the higher 
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susceptibility for developing obesity and its associated comorbid conditions in females 
(Flegal et al., 2010; Hudson et al., 2007). Moreover, females are less responsive to 
exercise as a method of weight loss (Caudwell, Gibbons, Finlayson, Naslund, & 
Blundell, 2014; Donnelly et al., 2004; Hill et al., 1989). Such sex-dependent responses 
to treatment interventions such as exercise underscores the importance of determining 
which neural circuits are responsible for exercise induced changes in palatable diet 
preference and how they are mediated in both sexes. Elucidating the different 
neurobiological mechanisms underlying exercise mediated changes in diet preference 
in both sexes could provide novel insight towards developing sex specific treatments for 
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